Pyrolysis of nitrogen containing biofuels generates isocyanic acid (ICA) and we here studied if ICA also is present in cauterization smoke. Air sampling was performed when animal technicians that had developed airway symptoms worked with dehorning. Tissue heated in a laboratory model was used to mimic cauterization. ICA in air at the workplace exceeded 10 times the national exposure limit. In the laboratory, the ICA generated per mg tissue from heated hair, horn and nail was 13.9 ± 7.8, 24.0 ± 4.1 and 32.0 ± 2.9 mg, respectively. Three workers were medically examined and two were diagnosed with asthma and a third had severe airway problem that resembled asthma. The study shows that high levels of ICA are generated during cauterization of nitrogen-containing tissue. If this could trigger airway symptoms deserves to be investigated further.
Introduction
The monoisocyanates isocyanic acid (ICA) and methyl isocyanate (MIC) are highly reactive electrophilic compounds that in the body will cause damage to and dysfunction of proteins. [1] [2] [3] ICA is a strong organic acid that, together with other pollutants, has been found in fire smoke, diesel emissions and in emissions from heated products that contain urea-formaldehyde resins as binders. [4] [5] [6] [7] [8] [9] ICA and hydrogen cyanide (HCN) have been shown during high-temperature pyrolysis of biofuels with a nitrogen content that varied between 2.9 and 15.5%. The formation of ICA did then increased proportionally with the nitrogen content of the fuel and no ICA was found from bark with only 0.4% nitrogen. 10 The chemistry behind the formation of ICA under these conditions is complex. It is however likely that the heating or combustion of nitrogen-containing products first gives rise to HCN, (together with ammonia or possibly other nitrogen-containing gases) and that this HCN then via the intermediate hydrogen isocyanide, is oxidized to ICA. [11] [12] [13] Electrocautery is a commonly used technique in hospitals and veterinary stations. The procedure will cause vaporization of tissue protein and create a smoke that contains high levels of ultrafine particles and several toxic volatile compounds. 14 This surgical smoke is an acknowledged risk and does therefore have to be evacuated with an appropriate exhaust ventilation system. 15, 16 As the burnet tissue contains proteins with on average 15% nitrogen, surgical smoke has also been found to contain HCN. 17 Other situations where nitrogen containing tissue is burnt are during hot iron dehorning of calves and hot shoeing of horses. Dehorning of cattle conveys many benefits and is therefore performed worldwide. In the United States, 94% of dairy cattle producers do this and the majority (68%) does then use hot iron dehorning. 18 The procedure is performed by veterinarians or specially trained animal technicians but is also often carried out by the farm owner. 19 We have recently examined workers (animal technicians) that have been exposed to dehorning smoke and that all develop severe respiratory symptoms. As isocyanates are asthmagenic and ICA previously have been found after high-temperature pyrolysis of nitrogen containing biofuels we have here studied if ICA, MIC and HCN also is generated during hot iron cauterization of calves (dehorning) and if it is present in the smoke Figure 1A) . The temperature at the horn bud during dehorning was measured with an infrared-thermometer (Fluke 62 MAX, IR Thermometer) and was close to 500 C.
Air sampling

Dehorning smoke
To monitor ICA and MIC, personal and stationary air sampling was performed by drawing air through dibuthylamine-impregnated glass fiber filters with a flow rate of 0.2 L/min. The samplers were prepared in the laboratory according to a method that was previously described for end-filters in a study by Marand et al.
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The personal samplers were mounted in the breathing zone on the workers chest and samplings lasted for 15 minute periods. Stationary samplings were performed in the smoke plume (over the workers head) and in the workspace before and after the working period. Midget Impinger flasks (30 mL from WernerGlas & Instrument, Stockholm, Sweden) were used to sample HCN and air was then drawn through 10 mL of 12.5 mM borax buffer (pH 9.5) with a flow rate of 1.0 L/min. The air pumps used for samplings were calibrated with a TSI 4100 Series flow meter (TSI, MN, USA) and a BIOS DryCal DC-Lite Primary Flow Meter (BIOS, NJ, USA). Analysis of mass concentration and number of particles with diameters between 0.3 and 10 mm were performed with a Lighthouse 3116-IAQ particle monitor (Lighthouse Worldwide Solutions Fremont CA, USA) that was mounted on a tripod placed three to four meters from the worker. Data were recorded 4 times/min and logged.
Smoke from hair, horn and nails heated in a tube oven
Tissue samples (8.7-11.9 mg) of hair from one of the disbudded calves, pieces of bovine horn and fine cut human fingernails were weighed into aluminum weighing boats that were placed in a 20 Â 600 mm 2 glass tube that fitted an oven that was set at 500 C (ENTECH ETF 30-6, Energiteknik AB, € Angelholm, Sweden). The two impinger flasks for sampling of ICA þ MIC and HCN, respectively, were then connected to the tube via a T-tubing connector and the tube was finally inserted into the oven so that the sampling could begin. The flow through each sampler was 1.0 L/min and the sampling time was 10 minutes. Samplers for ICA and MIC were filled with 10 mL 10 mmol/L dibutylamine in toluene and the samplers for HCN with 10 mL of 12.5 mmol/L borax buffer (pH 9.5). Each impinger flask was connected with a SureSeal black polypropylene filter cassette (SKC, 225-3-23) with a 25 mm glass fiber filter (Munktell MG 160). After the sampling this filter was transferred to and mixed with the solution in the impinger flask. The air pumps that were used for sampling were from Casella CEL (Apex Pro Personal Air Sampler). The flow was calibrated with the flow meters mentioned above. A photo of the setup during sampling of smoke from the tube oven is found in supplementary material Figure S1 .
Analysis
Isocyanates ICA and MIC were analyzed with liquid chromatography-tandem mass spectrometry (LC-MS/MS). The used standards were DBA Isocyanate Monomers Mix (CRM40569) and D9-DBA Isocyanate Monomers Internal Standard Mix (CRM40570) that both were purchased from Sigma-Aldrich. Preparation of samples collected at the workplace (dry samples) was performed according to Marand et al. 20 Of the samples collected from the tube oven (in 10 mL 10 mM dibutylamine in toluene) 500 mL was transferred from the impinger flasks to micro tubes where they were evaporated with nitrogen and finally dissolved in 80 mL mobile phase. Analysis was performed on a TSQ Quantum Access Max (Thermo Scientific). Ten microliter of each sample was injected and the chromatographic separation was done on an Ascentis Express column (75 Â 2.1 mm, 2.7 mm, Supelco) and the flow rate was 200 mL/min. The mobile phase consisted of acetonitrile:water (80:20) and 0.1% formic acid. Detection was performed with the mass spectrometer in ESI-positive mode with a capillary voltage of 3.0 kV. Vaporization and capillary temperatures were 325 and 300 C, respectively and the collision energy was set at 15 V and the Q2 pressure was 1.5. Parent and product masses for ICA-DBA and ICA-DBA-d9 were 173.3 ! 130.6 and 182.3 ! 139.6 and those for MIC-DBA and MIC-DBA-d9 were 187.3 ! 130.6 and 196.3 ! 139.6, respectively.
Hydrogen cyanide
HCN was analyzed with a modification of a previously described method. 21 Here, 40 mL of samples from impinger flasks were mixed with 20 mL of 2 mM naphthalene-2,3-dicarboxaldehyde in the wells of a white 384-well plate (Nunc Maxisorp). After 4 minutes, 20 mL of 50 mM taurine was added and after four more minutes the fluorescence was read in a CLARIOstar plate reader (BMG Labtech) with excitation and emission wavelengths set at 409 nm and 460 nm. Four standards with CN-concentrations between 0.0064 and 4 mg/mL made from KCN diluted in a borax buffer were analyzed together with the samples. All chemicals were purchased from Sigma-Aldrich.
Statistics
Differences between the groups presented in Table 1 were calculated using the Student's t-test and a P value of <.05 was considered statistically significant. The correlation coefficient for the generated amounts of ICA and HCN were calculated with the Pearson's test. The software used for calculations and preparation of graphs was Graph Pad Prism 4 (GraphPad Software, CA, USA).
Results
Dehorning smoke and smoke from heated hair, horn and nails
The level of ICA that could be determined after personal sampling at the first and second visit was 435 and 331 mg/m 3 , respectively ( Figure 1B ). This was 12 and 9 times higher than the national 5-minute, shortterm exposure limit. Levels in the smoke plume were 4,195 mg/m 3 and those in the working space before and 10 minutes after the working period were <1 and 7 mg/m 3 , respectively. A mean level from the personal samplings of MIC was 1.3 mg/m 3 and this was 36 times under the short-term exposure limit. HCN was measured and in two 10-minute samplings, the levels were found to be 154 and 213 mg/m 3 , respectively. This is 26 and 19 times under the national short-term exposure limit.
Regarding particles, the maximum mass concentration of PM 10 in the workspace 3 to 4 m behind the worker was 1.7 mg/mL and the number of particles with a diameter between 0.3 and 0.5 lm exceeded 4 Â 10 5 /m 3 (supplementary material Figure S2 ). However, during parts of the dehorning session this number would probably have been higher as the concentration limit of the instrument seems to have been exceeded.
The formation of ICA, MIC and HCN in experiments with the tube oven is shown in Table 1 . Highest formation of ICA was generated from heated nail tissue followed by horn. The formation from hair was significantly lower and less than half of what was generated from nails. HCN followed the same trend as ICA and heated horn and nail tissue generated significantly more ICA than hair tissue (2.4 and 2.6 times more). There was also a significant correlation between the generated amounts of ICA and HCN (r 2 ¼076, P ¼ .002, n ¼ 9). A small amount of MIC was generated from all three types of tissue.
Examined workers
The first worker was a 62-year-old nonsmoker, a previously healthy man without any known allergy or hereditary predisposition for asthma or other lung diseases. He had been working in the same farm service company since 1993 and he had for 5-6 years felt increasing work-related airway symptoms when he dehorned calves. Since late 2016, he experienced increased upper airways irritations, dry coughs, breathlessness and fatigue. He was diagnosed with asthma in April 2017 and now regularly used inhalation steroids and a bronchodilator which helped quite well. Before the debut of his asthma, he had been using a simpler respirator for particles and had then also experienced problems with leakage of smoke into the headpiece. After the diagnosis, he changed to a new fan-assisted respirator with filters that trapped particles and organic, inorganic and acetic gases ( Figure 1A) . The change to the new respirator mitigated his symptoms and he could now continue to work but only part-time.
The second worker was a former colleague, a nonsmoker and previously healthy 69-year old man, who had worked with dehorning on a daily basis for 15 years. He was also diagnosed with asthma and had used the same type of simpler respirator that was only equipped with a particle filter. He had now taken an early retirement to elude the work-related symptoms.
The third worker was a present colleague to the first worker, a nonsmoker and previously healthy 63-year old woman, who had worked with dehorning almost daily for 25 years. She had experienced increasing workrelated irritation from the upper respiratory tract from 3 to 4 years ago and also suffered from breathlessness and a discomfort associated with the dehorning.
Discussion
To our knowledge, this is the first time that ICA has been shown to be present in cauterization smoke. This fact could be of great interest for many that are involved in animal husbandry. We studied smoke generated during hot iron cauterization of calves but similar smoke could also be generated in other situations. One example is hot shoeing of horses. This is performed by farriers that use the technique where a heated horseshoe is pressed against and burned into the hoof. The shoe will then fit better when nailed into the hoof wall but the procedure leads to the release of a considerable amount of smoke in the direct breathing zone of the farrier.
Both measurement at the workplace and experiments with the tube oven revealed that high levels of Table 1 . Formation of ICA, MIC and HCN from hair, horn and nails heated for 10 minutes in a tube oven set at 500 C. Mean ± standard deviation of three experiments. 1 Hair cut from a calf that had undergone dehorning. 2 Bovine horn obtained from a butchery. 3 Human fingernails. Ã P < .05 compared to generation from hair.
ICA were generated. A sample taken directly in the smoke plume showed a level that exceeded the short time, occupational exposure limit with more than two orders of magnitude. Levels of MIC and HCN from the personal samplings were however low and clearly under the Swedish short-time occupational exposure limit. In our experiments using the tube oven we also found a high formation of ICA when hair and in particular horn and nail were heated. These tissues, and also hoof tissue, contain keratin that will undergo a thermal disintegration and form HCN and ICA. Another situation where similar smoke could be generated is during operative procedures where electrocautery or surgical smoke is formed. The fact that such smoke could constitute a hazard to health service personnel has also been recognized. 16, 17 It has been estimated that there only in the US alone could be 500,000 that are exposed, 22 and studies have also reviled that the use of efficient exhaust ventilation systems not are widely used, this despite authoritative guidelines and recommendations. 23 In animal husbandry, professionals that work with dehorning of calves or hot shoeing of horses might be unaware of the presence of toxic compounds in the smoke generated when protein containing tissue is burnt. As a consequence, this could lead to their not using respirators at all or using respirators that only trap particles resulting in a substantial exposure to ICA and other toxic smoke constituents in the gas phase.
ICA, due to its instability is not used commercially and its health effects are therefore not as well studied as diisosocyanates that are widely used and for which it has been possible to study large exposed cohorts over time. 24, 25 It is however a reactive molecule that causes protein carbamylation and protein dysfunction. An increased carbamylation of proteins in vivo has been seen in patients with chronic kidney disease, characterized by elevated levels of urea and cyanate in the circulation and a possible increased risk of atherosclerosis. 1, 26, 27 It has also recently been shown that eosinophil peroxidase-mediated carbamylation of proteins can alter immune responses and give rise to a triggering of inflammatory signals in a similar way as could be seen in asthma. 28 Furthermore, cyanates could react with, and covalently bind to, glutathione which is a major lung antioxidant that plays an important role for reducing oxidative stress and airway inflammation. This will result in dysfunction and disrupt glutathione homeostasis and studies in a mice model of allergic asthma have also shown that depletion of glutation will result in an exacerbated allergic asthma. 29, 30 Unfortunately, no personal sampling of particles was performed but our assumption is that the mass concentration and number of respirable particles must have been very high in the breathing zone, in view of the fact that they were high three to four meters behind the animal technician that performed the dehorning. Cauterization smoke and surgical smoke is a complex mixture with particles and various gaseous compounds that might act as airway irritants. In this work we focused on reactive monoisocyanates and HCN but it would have been an advantage to also have analyzed other reactive compounds in the gaseous phase.
Conclusion
Tissues such as hair, horn, nail and skin are all built up by proteins such as keratin, collagen and elastin with a nitrogen content of around 15%. Together with respirable particles and toxic gaseous constituents, we here show that smoke generated when nitrogen containing tissue is heated or burnt also contain ICA. It is therefore important that personnel who in their work are exposed to such smoke also use proper respirators that both trap particles and gases. It is possible that ICA or other toxic components in the dehorning smoke played a role in the development of the severe respiratory problems that our patients developed and this deserves to be studied further.
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